Formation of a specific contact between two residues of a polypeptide chain is an important elementary process in protein folding. Here we describe a method for studying contact formation between tryptophan and cysteine based on measurements of the lifetime of the tryptophan triplet state. With tryptophan at one end of a flexible peptide and cysteine at the other, the triplet decay rate is identical to the rate of quenching by cysteine. We show that this rate is also close to the diffusion-limited rate of contact formation. The length dependence of this end-to-end contact rate was studied in a series of Cys-(Ala-Gly-Gln) k-Trp peptides, with k varying from 1 to 6. The rate decreases from ϳ1͞(40 ns) for k ‫؍‬ 1 to ϳ1͞(140 ns) for k ‫؍‬ 6, approaching the length dependence expected for a random coil (n ؊3͞2 ) for the longest peptides.
T
o understand how proteins fold, it is essential to know the time scales and mechanisms of its elementary processes (1) . The formation of a contact between two residues in an unfolded polypeptide chain is one of the most fundamental of these processes and is central to many aspects of protein-folding mechanisms. Most helical segments in proteins are unstable in isolation (2, 3) and require interactions with residues in other parts of the chain to form stable folded structures. Similarly, interaction between side chains on opposite strands of an antiparallel ␤ sheet are required for stability (4) . Initiation of a parallel ␤ sheet requires a contact between residues distant in sequence. Because of its central role in protein folding, it is important to develop kinetic methods to investigate contact formation. Here we describe a technique with nanosecond time resolution and apply it to the investigation of the end-to-end contact formation rate in a flexible peptide.
An initial glimpse of the kinetics of contact formation was obtained in a study of unfolded cytochrome c (5) (6) (7) . In these experiments, photodissociation of carbon monoxide from the heme with a nanosecond laser pulse was used to initiate an intramolecular ligand-binding process. CO dissociation opens up a binding site at the heme iron, permitting binding kinetics to be measured by time-resolved absorption spectroscopy. This study showed that intramolecular methionine binding is very close to diffusion limited. The measured binding rate of ϳ1͞(40 s) is therefore also the rate of forming a contact, in this case between positions separated by ϳ50 residues in the sequence. An obvious limitation of this technique, however, is that it is restricted to very few proteins (a subset of heme proteins). A more generic method for measuring contact formation was clearly needed.
One such method has been introduced recently by Bieri et al. (8) , who attached thioxanthone at one end of a f lexible peptide and naphthalene near the other. On optical excitation, the triplet state of thioxanthone forms and transfers its excitation energy to naphthalene on close contact in an apparently diffusion-limited process. The rate at which the thioxanthone triplet state decays is therefore the rate of contact formation. This method has two important limitations. First, with the current probes, positioning of the triplet states for efficient energy transfer requires the use of ethanol͞water mixtures. Second, extrinsic probes are used. A method that takes advantage of properties of naturally occurring amino acids would be more useful. It would simplify investigations of contact formation in protein folding as well as allow exploitation of the power of site-directed mutagenesis.
We have developed a method to measure the rate of contact formation that utilizes unique but relatively unfamiliar properties of two amino acids-the long lifetime of the triplet state of tryptophan and its quenching by cysteine. The basic idea of the experiment is that cysteine is such an efficient quencher that the rate of forming a contact between the side chains of tryptophan and cysteine in a polypeptide is very close to the measured decay rate of the tryptophan triplet state (Fig. 1 ). In the absence of any quenchers, this triplet state lives for more than ϳ40 s (9-11), providing considerable dynamic range for investigating contact formation rates. The unique quenching property of cysteine was demonstrated in an important series of experiments by Gonnelli and Strambini (12) , who used phosphorescence lifetime measurements to determine the bimolecular quenching rates of the tryptophan triplet by all the amino acids, except glycine and alanine. They showed that at neutral pH, cysteine is by far the most efficient quencher, with a rate of 5 ϫ 10
. Except for tryptophan itself, all other amino acids quench with rates that are more than ϳ400-fold smaller (the tyrosine rate).
To demonstrate the utility of this method, we have investigated one of the simplest dynamical properties of a polypeptide chain-the rate of end-to-end contact formation. We have used optical (triplet3triplet) absorption (9, 11, 13, 14) to measure the lifetime of the excited triplet state of tryptophan at the C terminus of a flexible peptide with either cysteine, cystine, or lipoate at the N terminus as quencher. Lipoate is a cyclic disulfide and is known to be a near diffusion-limited quencher of the tryptophan triplet state (11) . The peptide separating tryptophan and quencher consists of multiples of the sequence Ala-Gly-Gln, which was chosen because it does not contain charged side chains, and peptides with this composition form no secondary structure. The experiments show that quenching by cysteine is much closer to the diffusion limit for the intramolecular (unimolecular) process than for the bimolecular process. A simple kinetic model explains this as resulting from a smaller rate for diffusive dissociation of the tryptophan͞quencher contact pair when they are attached to the same molecule compared to this dissociation rate when tryptophan and quencher are on different molecules. The length dependence of the end-to-end contact rate was also studied in a series of Cys-(Ala-Gly-Gln) kTrp peptides, with k varying from 1 to 6. We compare these results to a simple statistical mechanical theory of Szabo, Schulten, and Schulten (SSS) (15) on the end-to-end contact rates for idealized polymer chains.
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Materials and Methods
N-acetyl tryptophan amide (NATA), l-tryptophan, and lipoic acid (also known as thioctic acid) were obtained from Sigma. Peptides were synthesized by California Peptide Research (Napa, CA) and were greater than 95% pure. The peptides are listed in Table 1 . CD measurements showed no evidence for any secondary structure formation. All experiments were carried out at room temperature on aqueous solutions containing 100 mM potassium phosphate buffer at pH 7.0. Samples were deoxygenated to prevent quenching by O 2 (16) , to minimize photodamage (17) , and to prevent disulfide crosslinking of the peptides by oxidation of the cysteine thiol groups. N 2 O was used for deoxygenation because it is an efficient scavenger of hydrated electrons produced by tryptophan excitation (11) . Measurements of tryptophan decay kinetics were found to be the same with and without the addition of an oxygen-consuming enzyme system (16), indicating that deoxygenation was sufficient. Also, disulfide formation was minimal (Ͻ5%), as measured by optical absorption in the 220-to 300-nm region of the cysteine undecapeptide (peptide c of Table 1 ) in the absence and presence of dithiothreotol (18) . The decay of the tryptophan triplet state was monitored by triplet3triplet absorption measurements after pulsed excitation. Absorption was chosen over phosphorescence because a single instrument could be constructed to measure the decay over a wide temporal range. The instrument was designed to have a collinear geometry. This geometry permits the use of cuvettes with pathlengths that vary from 1 mm to 10 cm, which are necessary for determining the concentration dependence of the quenching rate. To excite tryptophan, the 266-nm fourth harmonic of a Continuum (Santa Clara, CA) Surelite II NdϺYAG laser was used to pump a Lambda Physik (Acton, MA) UV Star CeϺLiCAF laser, producing a ϳ1-mJ, ϳ8-ns pulse at 290 nm [initial experiments with 266 nm NdϺYAG excitation confirmed earlier results that the rate of tryptophan photodestruction increases considerably at shorter excitation wavelengths (19) ]. A continuous wave probe beam was produced by a Lexel (Fremont, CA) Model 95 argon ion laser, which could be tuned to any of 8 wavelengths between 457 nm and 514 nm. The probe beam was split to generate a reference beam and a sample beam that passed collinearly through the cuvette with the pump beam. The intensity of each beam was measured with a photodiode (NewFocus, Santa Clara, CA, Model 1621), recorded with a digital oscilloscope (Hewlett-Packard 54420A or Tektronix TDS 3032), and stored on a computer. To eliminate high-frequency cable noise and leakage of the pump beam, background signals measured in the absence of the probe beam were subtracted from the measured sample and reference signals (in the presence of the probe beam). An apparent optical density was calculated as the logarithmic ratio of the corrected sample and reference intensities, thereby removing low-frequency intensity drift in the probe laser. Finally, the change in optical density was calculated by subtracting the apparent optical density at negative time.
To reduce the uncertainty in the determination of the decay rate, the signal was averaged for 256 laser shots. In a typical experiment, between three and five averages were fitted. The scatter in the rates from these fits was typically larger than the uncertainty from each fit, so the quoted uncertainty is the standard deviation from the mean. No more than five sets were collected to limit the exposure of the sample to UV radiation, which causes irreversible photodamage. At the end of a typical experiment, the absorption spectrum indicated that less than 10-20% had been photochemically transformed.
Results

Identification of Triplet Decay Kinetics.
Optical excitation of tryptophan transiently populates both singlet and triplet states. The singlet state decays in a few nanoseconds and does not influence measurement of triplet state lifetimes, which are much longer. However, excitation also generates additional photoproducts that can be problematic (11) . The production of hydrated electrons and neutral radicals interferes with absorption measurements of triplet-state lifetimes. The radical absorbs at wavelengths that overlap the triplet3triplet absorption (11) . Combination of the radical with the hydrated electrons is presumably responsible for a significant spectral amplitude at ϳ3 s, as this amplitude was almost completely eliminated by degassing the solutions with the electron scavenger, N 2 O (20). Radical͞radical recombination also occurs, but its rate is much slower (ϳ3 ϫ 10 8 M Ϫ1 s Ϫ1 ) (21) . At the estimated concentrations of radicals in our experiments (1 m-10 m), this process occurs with a relaxation rate of 300-3,000 s Ϫ1 , much slower than the tryptophan decay rates (see below). Fig. 2 shows a representative trace of the optical density change at 457 nm after 290 nm excitation of peptide w (Table 1) , which contains no quencher. Only two processes are observed-an exponential process with a decay time of ϳ40 s followed by a slower process with a much smaller amplitude. The 40-s process was identified as the triplet-state decay by measuring its amplitude as a function of the eight wavelengths available with the argon ion laser. A comparison of these amplitudes with the triplet3triplet absorption spectrum reported by Bent and Hayon (11) for tryptophan ( Fig. 2 Inset) confirms that the species decaying at 40 s is indeed the triplet state. A similar transient spectrum has been reported by Sudhakar et al. (9, 22) . The amplitude of the slow process was too small for accurate wavelength-dependent measurements, and we tentatively attribute it to recombination of the neutral radicals.
The measured lifetime of 40 s in the absence of quencher is very close to that found for NATA at the same concentration (33 s at 15 M). For tryptophan at 70 M, a 20-s lifetime was observed. These values are very similar to those previously reported from triplet3triplet absorption measurements, i.e., 20 s for tryptophan at 150 M (11) and 30 s for NATA at 50 M (9). A considerably longer lifetime was obtained by Gonnelli and Strambini [ϳ1 ms for 6 M NATA (10)] from the decay of phosphorescence. They argued that the longer lifetime results from removal of (unidentified) quenching impurities in commercial samples.
Quenching Rates. Our results on quenching rates are summarized in Table 2 . To interpret intramolecular quenching experiments in terms of contact formation, it is necessary to perform bimolecular quenching experiments for two reasons. One is to establish how the rate of intramolecular quenching is related to the rate of contact formation. The second is to determine the contribution from the bimolecular process of a quencher on one peptide quenching tryptophan on another. Bent and Hayon showed that the cyclic disulfide, lipoate, is an extremely efficient quencher of the tryptophan triplet (11) . We measured the rate of the triplet decay of free tryptophan as a function of (excess) lipoate concentration, yielding a bimolecular quenching rate of 3.0 (Ϯ0.1) ϫ 10
, very close to the value of 3.6 (Ϯ0.4) ϫ 10 9 M (Tables 1 and 2 ). Experiments on quenching peptide w by the cysteinecontaining peptide c (Table 1 ) yield a bimolecular quenching rate ϳ10-fold smaller. Quenching by the cystine-containing peptide cc was also studied. Finally, the bimolecular rate of tryptophan triplet quenching by (ground state) tryptophan itself was studied, yielding a bimolecular rate slightly higher than that for either cysteine or cystine (Table 2 ). This rate is ϳ10-fold higher than the value reported by Gonnelli and Strambini (10, 12) and may result from impurity quenching. Fortunately, however, even the higher bimolecular rate does not significantly influence our intramolecular quenching experiments.
Intramolecular quenching rates were measured for peptides with tryptophan at the C terminus and either cysteine, cystine, or lipoate at the N terminus, i.e., peptides cw, ccw, and lw (Table  1 ). Fig. 2 shows the decay kinetics for the cysteine-containing peptide cw. There is a dramatic increase in the triplet decay rate, from ϳ10 4 s Ϫ1 for the peptide without quencher (peptide w) to ϳ10 7 s Ϫ1 for peptides containing any of the three quenchers. Because these rates are so high, there is very little contribution from bimolecular quenching at the concentrations of the measurements (10-100 M). At the highest concentration of 100 M, for example, bimolecular quenching increases the rate only by about 1% compared to the value measured at 10 M. In Table  2 , we therefore report a simple average of the unimolecular rates obtained at all concentrations.
The intramolecular quenching rate as a function of chain length was studied in the series of peptides, Cys-(Gln-Gly-Ala) kTrp, with k ϭ 1-6. Fig. 3 shows that the rate decreases with increasing chain length. Finally, to begin to explore the effect of sequence on contact formation, we measured the decay rates for two other sequences of the same length (Table 1 ). In the alanine *Free tryptophan also exhibits a 30-ns relaxation of comparable amplitude to the 40-s triplet decay, which was also observed by Bent and Hayon. There is, however, no evidence of this relaxation in NATA or in the peptides. This is consistent with the observation of Bent and Hayon that the 30-ns relaxation is not present unless an amino group is present in its protonated form (11) . There is, as yet, no convincing explanation for these observations. Table  1 ). The smooth curves are fits to the data with an exponential followed by a single second-order decay for peptide w [ y ϭ a ϩ b exp( Ϫ ct) ϩ d͞(1 ϩ d*e*t)] and an exponential followed by two second-order decays for peptide
Comparison of triplet3triplet absorption spectrum (scaled) reported by Bent and Hayon (dashed line) for tryptophan with the amplitudes of the exponential decays for peptide w (circles). peptide a contact formation is slightly faster than in peptide lw. In contrast, the decay rate for the proline peptide p is much slower (see Table 2 ).
Discussion
Our experiments demonstrate that there is a dramatically decreased lifetime of the triplet state of tryptophan at the C terminus of a flexible peptide when cysteine is attached at the N terminus. Without cysteine, the lifetime is ϳ40 s (peptide w).
For the peptide with tryptophan and cysteine separated by 10 peptide bonds, the lifetime is reduced ϳ400-fold to ϳ100 ns (peptide cw). We interpret the markedly reduced lifetime as resulting from quenching on formation of a contact between cysteine and tryptophan at the ends of the peptide. This interpretation is supported by a number of previously published results on the short-range nature of tryptophan triplet state quenching (16, 12, 23, 24) and is also supported by our finding on the proline peptide. When all of the amino acids between tryptophan and the quencher are replaced by proline, the lifetime is reduced less than 3-fold (peptide p, Table 2 ). Polyproline is known to be helical (25, 26) , providing a rod-like spacer of ϳ3 nm between tryptophan and quencher. Our results are also consistent with those of Bieri et al. (8) , who measured the rate of triplet energy transfer between thioxanthone and naphthalene in peptides containing multiples of Ser-Gly pairs. †
Determination of Contact Formation Rate from Triplet Decay Rate.
The quantity of interest in this study is the rate of contact formation between tryptophan and cysteine at the ends of the peptide. To establish this rate, we studied both the bimolecular and unimolecular quenching rates of the tryptophan triplet state. The disulfide lipoate was used in this study because it was known from previous work that its bimolecular quenching rate of 3 ϫ 10
is near the expected diffusion limit (11) . In the simplest picture of a diffusion-limited process, due to Smoluchowski, reaction occurs only when the reacting pair come to within a center-to-center distance a. For distances less than or equal to a, reaction is instantaneous and irreversible, whereas at distances larger than a, the reaction rate is zero. The Smoluchowski rate is given by k Dϩ bi ϭ 4D bi a, where D bi is the sum of the diffusion coefficients of the reactants. In real systems, there is a distance dependence to this rate, and a is therefore a less well-defined quantity. Zhou and Szabo have developed a comprehensive theory for diffusion-influenced reactions, which requires knowing the diffusion coefficients of the reactants, the distance dependence of the reaction rate, and the absolute reaction rate at some specified distance (27) . The latter two quantities are not yet known for quenching of tryptophan. The mechanism of quenching, moreover, is not completely understood, but in the case of disulfides is thought to occur via electron transfer from the tryptophan triplet state to the sulfur atoms of the quencher (11, 12, 23, 24, 28) . ‡ Also, the quencher and tryptophan at the ends of a peptide cannot access each other at all angles because of excluded volume effects, so that the factor of 4 in the Smoluchowski equation represents a maximum value. Given these uncertainties, we must adopt the admittedly naive picture of assuming isotropic quenching at a contact distance a and no quenching at longer distances.
Assessing whether a bimolecular reaction is purely diffusion limited in this simple picture therefore requires knowing only the diffusion constants of the reactants and the distance a. The simplest assumption is that a is the sum of the van der Waals radii, which is ϳ0.4 nm. This choice may compensate for a finite quenching (e.g., electron-transfer) rate at distances larger than a, which would make the rate higher than the Smoluchowski k Dϩ bi and excluded volume effects, which would produce a rate lower than k Dϩ bi . To obtain diffusion constants, we use the empirical formula obtained by fitting to the data compiled by Creighton (29) , respectively. A second indication that the quenching by lipoate is near the diffusion limit is that the 2-fold slower rate for the peptides can be attributed entirely to the 2-fold smaller diffusion coefficient.
When lipoate is replaced by cysteine or cystine (peptides c and cc, Table 1 ), the bimolecular rates are about an order of magnitude smaller (Table 2 ). In contrast, the unimolecular rates for quencher and tryptophan on the same peptide (peptides cw, lw, and ccw) are all the same to within a factor of 2. To explain this result, we use a simple kinetic model that shows how the observed unimolecular and bimolecular rates can be combined to yield the intramolecular contact formation and dissociation rates.
The observed triplet decay rate, k obs , can be written in general as:
where k 0 is the rate in the absence of quencher, k i uni and k i bi are unimolecular and bimolecular quenching rates for quencher i, and [i] is the quencher concentration. For peptides lw, cw, and ccw, there is effectively only a single quencher, i (lipoate, cysteine, or cystine). Also, k obs ϳ k i uni , because k i uni is almost three orders of magnitude faster than the rate in the absence of quencher (k 0 ), and because the bimolecular rates do not contribute significantly at the low concentrations used in these experiments (Table 2 ). For the overall quenching reaction, we assume the simple mechanism analogous to that described by Hagen et al. (6, 7) and used earlier by Wang and Davidson for cyclization of DNA (30, 31) , in which both unimolecular and bimolecular reactions are treated as two-step processes (Fig. 1) . The first step is a diffusional process that brings the quencher within a distance a of the excited tryptophan to form what is often called the ''encounter complex'' or ''contact pair.'' In the second step, the quencher can either remove the tryptophan triplet excitation energy (e.g., by electron transfer) or diffuse away. The overall rates of unimolecular and bimolecular reaction then are the product of the diffusion-limited rate of contact formation (k Dϩ ) and the probability that quenching occurs during the lifetime of the contact pair, i.e.:
and (41) measured the recombination of thiyl radicals at the ends of a helix-forming alanine peptide, which were produced by subpicosecond photolysis of an aryl disulfide. They found recombination occurring from picoseconds to microseconds with a power law time course. However, in these experiments the initial condition is a contact pair, in contrast to the equilibrium end-to-end distribution in our experiments and in those of Bieri et al. ‡ From data on proteins, the maximum through-bond electron transfer rate can be estimated to be ϳ10 5 s Ϫ1 for a peptide of 11 residues (42), which may account for our finding of a decrease in tryptophan triplet lifetime from ϳ40 s to ϳ15 s in peptide p (Table 2) .
where k DϪ is the rate at which the tryptophan͞quencher contact pair dissociates, and q i is its quenching rate at contact. Eqs. 2 and 3 show that for a diffusion-limited reaction, k DϪ Ͻ Ͻ q i . If we assume that q i is the same in the unimolecular and bimolecular processes, then Eqs. 2 and 3 can be combined to give:
where K ϵ k Dϩ ͞k DϪ is the equilibrium constant for forming the contact pair. In the bimolecular case, the equilibrium constant for forming the contact pair is simply the volume defined by the contact distance a, i.e., K bi ϵ k Dϩ bi ͞k DϪ bi ϭ (4͞3)a 3 . K uni will be discussed below.
Eq. 4 shows that by assuming the same value for the contact distance a, of 0.4 nm for all three quenchers, K bi ͞K uni and k Dϩ uni can be obtained as the slope and intercept of a plot of the measured unimolecular and bimolecular rates. The plot shown in Fig. 4 . The net result of this analysis is that intramolecular quenching by lipoate is diffusion limited (q lipoate ͞(q lipoate ϩ k DϪ uni ) Ϸ1), and the observed rate is the rate of forming the tryptophan͞lipoate contact pair. Intramolecular quenching by cysteine is near diffusion limited, and the contact formation rate can be obtained from the observed rate by dividing by the probability factor: q cysteine ͞(q cysteine ϩ k DϪ uni ) Ϸ0.5. Even though q cysteine , the quenching rate at contact for cysteine, is more than ϳ35-fold smaller than q lipoate , the dissociation of the contact pair (k DϪ uni ) is sufficiently slow that the observed rate of intramolecular quenching by cysteine in peptide cw is less than a factor of 2 smaller than the rate of contact formation. In the bimolecular case, there is a much larger difference between the overall quenching rates of lipoate and cysteine, because the dissociation rate (k DϪ bi ) is much faster. It is possible that a stabilizing van der Waals interaction between cysteine and tryptophan could slow the dissociation of the intramolecular contact pair. However, there is no obvious reason why a barrier to dissociation of the intramolecular pair would be larger than for an intermolecular pair. We therefore assume that the slower dissociation rate of the intramolecular contact pair represents a dynamical property of the polypeptide chain.
As a framework for explaining this result, we use the first passage time theory of SSS (15), which is the simplest description of end-to-end polymer contact dynamics. In SSS theory, the contact rate is obtained by solving a diffusion equation for an idealized chain having a Gaussian end-to-end distribution, viewed as radial diffusion of one end relative to the other in a purely entropic harmonic potential. For a contact distance a, which is small compared to the length of the chain segment, the SSS rate is given by (15) :
where ͗r 2 ͘ is the equilibrium mean-squared end-to-end distance, and D uni is the relative diffusion coefficient between the ends of the chain. . According to this theory, the ϳ16-fold difference between the two dissociation rates therefore comes entirely from the difference in the diffusion constants D uni (Ϸ4 ϫ 10 ? SSS theory ignores intrachain interactions, excluded volume, chain stiffness, and hydrodynamic interaction (15, 34) . For an idealized chain, D uni is the sum of the diffusion coefficients of the monomers in the polymertryptophan and cysteine in our case (34) . However, in a real polymer, intrachain interactions, e.g., transient hydrogen bonds between peptide groups, could produce kinetic barriers. This effect may have little or no influence on the bimolecular process but would yield a lower value for the diffusion coefficient D uni calculated from SSS theory. Intrachain interactions can be viewed as introducing ''roughness'' to the entropic harmonic potential of SSS theory. Zwanzig has shown that for diffusion in one dimension, roughness reduces the diffusion coefficient by a factor: exp[Ϫ(͞k B T) 2 ], where is the root-mean-squared height of the energy barriers having a Gaussian distribution (35) . A reduction of a factor of 16 could therefore result from of only 1.7 k B T.
Dependence of End-to-End Contact Rate on Peptide Length. An important part of the physical description of any polymer property is how it depends on the chain length. We therefore investigated the quenching rate of tryptophan by cysteine as a function of the number of intervening residues. For this study, we used the same Ala-Gly-Gln triplet in the series: Cys-(AlaGly-Gln) k -Trp, with k varying from 1 to 6, corresponding to 4 to 19 peptide bonds. If we make the SSS assumption that the contact dissociation rate is independent of chain length, the contact formation rate at all chain lengths can be obtained by simply dividing the observed rate by the probability factor: q cysteine ͞(q cysteine ϩ k DϪ uni ) ϭ 0.5. These rates are shown in Fig. 3 . As expected, the rates decrease with increasing chain length from 2.7 ϫ 10 7 to 7.2 ϫ 10 6 s
Ϫ1
. Note that the slope of the log-log plot is not constant but increases with increasing chain length. Such curvature was not observed by Bieri et al. (8) , who varied the number of peptide bonds from 3 to 9 by changing the number of serine͞glycine pairs between thioxanthone and naphthalene.
In SSS theory, the rate for a Gaussian chain depends on the mean-squared end-to-end distance, ͗r 2 ͘. For a chain of n peptide bonds, ͗r 2 ͘ ϭ C n n 2v l 2 , where l is the distance between consecutive C ␣ atoms of the peptide (0.38 nm), C n is the Flory characteristic ratio (36) , and v is an exponent that is determined by the relative strengths of chain-solvent interactions and intrachain interactions. [For n ϭ 10, we have determined ͗r 2 ͘ ϭ 2.4 nm 2 
), known as the JacobsenStockmayer factor (31)]. For a ''good solvent'' in which chainsolvent interactions are favored over intrachain interactions, the polymer is more expanded, and v Ϸ 3͞5. In a so-called '' solvent,'' intrachain interactions and chain-solvent interactions are balanced, and v ϭ 1͞2 (37) . SSS theory (Eq. 5) predicts that in this case the end-to-end contact formation rate, k Dϩ uni , scales as n Ϫ3v ϭ n
Ϫ3͞2
. The results in Fig. 3 show that at the longest chain lengths, the dependence approaches k ϰ n Ϫ3͞2 but depends less on n for shorter peptides. One possible explanation is that for shorter chains, the persistence length becomes comparable to the length of the chain, and the Gaussian chain approximation breaks down. If this is true, using Eq. 5 to calculate the unimolecular diffusion coefficient is not strictly correct. However, because the intramolecular quenching rate for n ϭ 10 (peptide cw) does not deviate significantly from the extrapolated value for the longest peptide, we expect D uni to be approximately correct. Thirumalai and coworkers have considered the effect of stiffness in a closely related problem-the rate of interior loop formation-and have derived an expression that predicts that for a generic peptide the rate will exhibit a sharp maximum at 10 peptide bonds (38) (39) (40) . The absence of such a maximum for our peptide presumably reflects a greater flexibility because of the high density of glycines.
Finally, we should compare our results with those of Hagen et al. on heme-methionine binding in unfolded cytochrome c (6, 7). They determined a contact rate of ϳ2.5 ϫ 10 4 s for 9 peptide bonds. Several factors account for this difference. This is most easily shown by rescaling our rate using Eq. is essentially identical to the value predicted by Hagen et al. These factors were not taken into account by Bieri et al. (8) when they suggested that their measured rates were inconsistent with the rate estimated by Hagen et al. (6) .
Conclusion
Our results and analysis show that measurements of the decay rate of the triplet state of tryptophan by excited-state optical absorption measurements can accurately determine the rate of forming an intermolecular contact with cysteine. Because cysteine quenches at a rate that is so much faster than that of any other amino acid, measuring the triplet decay rate should provide a useful method for investigating the kinetics of forming a specific intermolecular contact in an unfolded or folding protein. We have assumed that quenching occurs only at van der Waals contact, and a remaining issue is a precise determination of the mean contact distance associated with the measured rate.
Our study also shows that the technique can be used to address fundamental issues in polypeptide dynamics. It will be important in future studies to determine how the mean-squared end-to-end distance, contact rate, and effective end-to-end diffusion constant depend on peptide length, composition, sequence, and solvent conditions. We hope that such experimental studies will stimulate further theoretical development in this area. The present work, moreover, shows that end-to-end contact formation in flexible peptides occurs on a time scale accessible to all-atom molecular dynamics calculations and should therefore provide an experimental benchmark for simulations on polypeptides.
